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SUMMARY

In connection with engine tests made by the National Advisory
Committee For Aeronautics of the induction of water with the inlst
air as a means of internal cooling of alrcrait-engine cylinders,
sume preliminary calculationa have been made for the effects of
water in cooling the inlet air an:d also for the temperatures t»
which the exhaust izas would have to be ~ocled in order to rccover
sufficient water for this internal eapgine cncling. The estinmatles
indicate that the cooling effsct of the watsr on the inloet air can
be more extensive than th: choling now obtained with intercnolers
nr aftercoolers in the alr-induction system. In connection with
water reconvery trom the exhaust gas, the esiimates iadicate that
swwlicienl water can be recovered Lrom 50U percent o1 ths exhaust
gas to provile an inducted water-fuel ratio ol (,.5.

INTRODUCTION

In reference 1 data are presented on the use of water as an
internul engine coolant to suppress knock and to maintain permissible
enzine taiperatures at hisher power outputs than are permitted with
present engine cooling. After the data had been obtained from the
tosts reported in raference 1, ustimates were made at Langley Memo-
rial Acronautical Laboratory of the effect of water in cooling the
incoming charge and of the temperature requirements of an apparatus
to recover from ths exhaust gas the water required for this internal
cooling. (The results of these estimates, rresented herein, are
nct considered complote but ars consldered to be preliminary cstimates
that, will provide a baiis for a more exteunslve investigation of this
probiem. )
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EFFECT OF INTERNAL COOLANT ON STATE OF INCOMING CHARGE

Estimates of Partlal Volume of Air for Different
Amounts of Water Vaporized in the Inlet Air

Figure 1 shows the relation of the fuel-air ratio F/A and the
water-air ratio W/A for complete vaporization of the water to the
partial pressure of the air for constant total pressure at various
water-fuel ratios. In these calculations it is assumed that the
molecular weight of the air is 28.8. The ratio of the partial pres-
sure of water vapor P, to the partial pressure of the air p, is

therefore _'% x 1,60, in which 1.60 is the ratio of the molecular

weight of air to the molecular weight of water. The equation for
determining the data in figure 1 therefore becomes:

Py 1
- — (1)
pw + pa 1060 K + 1
The values —Pa represent the specific density of the air rela-

Py * Pg
tive to dry air for a constant total pressure and a constant temper-
ature at various water—-air or water-fuel ratlos.

Estimate of Helation betweon Temperature and Total
Pressure on Water—Air Ratio at Saturation

Figure 2 presents the relation between air temperaturse and water—
air ratio at saturation for different total pressures. In the corpu-
tation of these data, the saturated-water vaporization pressures at
different temperatures were taken from reference 2.

Celculations were made as follows: At an assumed lemperature
of 100° F, the water-vapor pressure at saturation i$ 1.93 inches of
mercury absolute. The water—air ratio at saturation is given by

) W 1.93 x 13

A" (- L.93) = 28.8 (2)

in which p is the total pressure in inchcs o1 nercury absolute and
18 is the molecular weight of water. If the wator-air ratio given
in figure 2 is assumed to represent-the watur vaporized for inter-
cooling of the charge between the supercharger and the cngine, it
must necessarily be assumed that the inlct air was dry previous to
the induction of the water.
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In figure 3 additional curves are presented in which it is
assumed tne2t the air was at various degrees of humidity before the
" water was injected into the inlet air. 1In this case the water-air
ratio at the specified humidity and pressure is subtracted from the
water-air ratio at total vaporization.

Estimate of Water Vaporizatlon as a Means
of Cooling the Inlet Air

In the calculations of water vaporization, it is assumed that
the water inducted is a liquid at a temperature of 60° F. The calcu-
latione are made by equating the gain in enthalpy of the water in
changing from liquid at a temperature of 60° F to a vapor at the
eqiilibrium temperature to the loss of enthalpy of the air. For
instance, with an assumed initial air temperature of 250° F, the
equation hecomes:

W 0.241 (250 - t) (3)
A hgt - 28.1

where

p specific heat of the 2ir at constant pressure,

Btu/(pound )(°F), G.2h1

t equilibrium temperature, °F

h enthalpy of water at 60° F, Btu/pound, 28.1

hg enthalpy of water vapor at equilibrium temperature,

t 3tu/pound

In the solution of equation (3), different values of t are used

and the values of W/A are computed. The results are shown in

figure L.

The deta in fipure l reprecent the degree of cooling of the
inlet air for different weter-air ratios, assuming complete vaporiza-
tion of the water. If these curves are superimposed on the curves
in figures 2 and 3, deta that show the final temperature of the air
at ssturatlon feor various outlet temperatures and pressures from the
supercharger are determined. (See figs. 5 and 6.) 1In each case
the intersection of the curves of temperature of the air from the
supercharger and the saturation curvee represents the final tempera-
ture of the mixture of air and water vapor. These intersections are
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plotted in figure 7, which shows that apprecilable intercooling or
artercooling of tke air from the supercharger 1s to be obtained from
the vanorization of the inducted water, even for air of high humidity.
The data indicate that, through Lhe use of water injection, inter-
cooling or aftercooling in the supercharger might be eliminatsd.
Consegquently, the additional weight of a water-recovery apparatus for
all r part cf ti.e exhaust gases might be offset by the elimination
of tlie supercharger intercooler or afterceoler,

Compuataticns made frmmr the data In [iguwres 1 and 7 and the
resulls presented in {igures © and 9 show the increase in density
of the incoming air that results from cooling whe air by vancrization
nf the water to the saturation poiut., In the engine tests presented
in reference 1, water—-ifuel ratios used were yfreater than the ratios
reached at saturation. In these cases the vaporization of the water
inj:-cted into the induction systcem would also be dependent upon the
point and mamer of injection, and the completion of evaporation of
tl.is water would take rlacze within the c¢yliander thus ianteraally
cuooiling the angine by ubsorbing heat Jduring the compression stroke
or during the combuction process, Coasequeutly the total sffective
conling that can bs cbtainel by injecting water into the incoming
charge may be greater than thabt given in the preceding figures.

The heat required to vaporize the portion of the water vajorized
before lthe mixture is inducted into the cylinder Jjoes not enter into
the efficiency of the ensine. The heut of vaporization extracted
trorg the air during the cormpression stroke must be considered 1n the
astinats of the eificiency of the engine.

TE'PIRATURE RUJIIRELENTS OF TATER-1ZECOVELRY APPAMATUS
Ustimate ol Partial Pressawre of Wator in Exhaust Gas

According to rofersnce 3, at a fuel-air ralls of 0.067, ihe water
continl, 21 the exthaust gas is 14.1 nercent Yy volime of the dry oxhaust
fFas. This valus is equivalant to 2.5 porcent of th: total pressure
7f the uzhaust pases and the ratin of the wator formed is 1.25 tines
the welight of fusl inducted. If' water is introduced ints the ‘nlet
wanilcld, the »ercentars off tutal water in the exhaust gas willi, of
cowrse, incraase, Lstimiatas of parbtial sressares of watsr 1n the
exhaust ras Lor 1iffercnt quantiticos of water inductzd with the lnlet
charre ara risented in iho followiag talles
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Water/fuel|Water/fuel| Water in dry Partial pressure of
in exhaust|! in inlet:| - exhaust water in exhaust
p (percent by volume) (percent)

1.25 0.0 1,1 12.3

1.75 .5 19.7 16,5

2.25 1.0 25.4 20.3

2.75 1.5 31.0 23.7

3.25 2.0 36.7 26.8

The curves for the partial pressure of the total water content
under these conditions are shown in figure 10. The line ¥/F = 0O
reprcesents the partial pressure of the water formed in the exhaust
gFases.

Saturation Temperatures of Exhanst Gas

The first problem in the recovery of water for recirculation in
ths engine is the determination of the temderilure to whichh the exhaust
fas will have to be cooled in order to recondense the water. If water
1s recirculated from the exhaust gas to the inlet manifold, only the
portion ol the water that iz to be used for the recirculation need
be recovereily that is, after the system has once reached equilbrium,
the water formed by conbuslion need not bz recovered except to replace
Josses and possibly to wrovide for elimination of condensed moisture
trails.,

Figure 1l presents the relationship between the temperature and
the saturated vapor pressure ol water. From the curve for a water—
fuel ratio of O in figure 10, partial pressures at the different total
pressures are chosen and the corresponding saturation temperatures
are¢ determined from figure 11. The saturation temperatures at each
pressure are taken from reference 2. From a standard altitude table
(reference L) the altitudes giving atmospheric pressure equivalent
to the total pressures are also determined. If these altitudes are
plotted against the corresponding saturation temperatures (fiy. 12),
the percentage of water of combustion formed at each altitude is
determined. The curve for 100 percent of the water of combustion
causing saturation reyresents the temperature at cach altitude to
which the exhaust gas will have to be coolad to condense all water
except the water formed dwring the combustion process, provided that
the preassure of the exhaust gas is the pressure of the ambient air.
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This 100-percent curve in filgure 12 does not allow for any water
to be losty that 1s, the assumption is made that all the water recov—-
ered is inducted into the inlet alr and an equilibrium is established
in regard to the water being circulated. An estimate of the required
temperatures to wvhich the exhaust gas will have to be cooled to pru-
vide additlonal water condensation to cover losses 1s made from the
two curves in figure 12 for 50 percent and 25 percent of the water of
combustion causing saturation. These curves lndicate at each alti-
tude the temperature tn which the axhaust gas will have to be cooled
in order to cundensa, in addition to the water that is being reclrcu-
lated to the inlet air, 50 percent and 75 percent of the water formed
by the compusiion precass,

The curves of figure 12 revresent the maximum allowable tomper-
ature to which the exhaust gas must be coolsd., The data stow that at
nigh altitudes therc is not too much difference between the freezing
temperature and the temperature required for condensation of the water.

Estimate of Effect o1 Percentage of Exhaust (Gas Passed through
Water Recovery Equipment on Total Water Recovered

The data in figure 12 show ihat tie temperature veriation required
for ihe condensation of different percentages of the water of combus-
tion is small, TFor ithis reason it wmay be advisable, in reclaiming
varying amounts of the water conten!, of lhe exhaust gas, to bypass a
fraction o} the arhaust gas through the water recovery eguipment and
to extract s much vwboer as nosaible from this fraction,

If it is assumed that from thz gas passed through the water
reeovery aquipment, a mass of water is recovered equal to the mass
ni all the injoctlon wabtzr contained in that sas plus a certain
fraction of the water of ceambustion coatainci therein, then

Wo =m (Wp + riig)
where
Wip tatal witer rceovered
Wy water inducted into inl:ot manifold
Wg water formed by combustion
n porcentace of oxhaast gas n: ssud throushh altercoole™

n percentage nf water of combustion recovered
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At equilibrium 'Wi -'Wé. Therefore

- mr— — = — — - — = = -

If the values of the ratio WT/?{'.‘. are multiplied hy 1.25, the

ratio of water of combustion to fuel as given in reference 3 at a
fusl-air ratio of 0,067, the equilibrium values for the ratio of
water recovered to fusl inducted are given. These values are plotted
in figure 13. If 5C percent of the exhaust gas is passed through

the water recovery equipment and the water is recovered down to

5C percent of the water formed by combustion, the water-fuel ratio

is 0.6, a valus that 1s sufficiently below a knock limit to reduce
the octane requirement of an engine burning 100-octane fuel to
80-octane fuel (reference 1).

In connection with the use ol turbosuperchargers, it is pointed
out that the data presented in figure 7 of reference 1 indicate that
introducing water into the incoming charge did rot lower the exhaust~
gas temperature although admittedly the facilities for the measurement
of exhaust-gas temperatures were not satisfactory.

Based on these Jdata the use of water induction as an internal
coolant #ill probably not result in difficulties when the power plant
also employs a turbosupcrcharger. Actuaily a temaerature drop in the
oxhaust gas prior to its passage through the twhosupercharger is
peruissible.

COICTLiSTONS

The estimates presented herein indicate:

1. The use of water as an internal coulant provides a method
for obtaining an appreciable tewperaturo drop in the incoming charge.

2, The use of water as an internal coolant appreclably increases
the quantity of air inducted into the engine if vaporization to satu-
ration 13 completed before the charge enters the aongine.

3. Water—fuel ratios up to 0.5 can be achieved by the recovery
of water from one half the exnaust gas.
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L. Tt is apparent that certain practical problems will arise
in connection with the application of water recovery equipment, but
the study of these phases is beyond the scope of the present paper.

Aircraft Engine Research Laboratory,
National Advisory Committee for Acronautics,
Cleveland, Ohio.
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Figure 10. - Relationship between total pressure of exhaust gas and partial pressure of
water vapor in the exhaust gas for different quantities of water inducted with the
inlet-air. The water-fuel ratio VW/F represents the ratio of inducted water to inducted
fuel. Fuel-air ratio, 0.067.
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Figure 11. - Relation between temperature and saturated vapor pressure of water.

\




NACA RB No. EWH28 ' | Fig. 12

FryrsvrrrrverrryvrstrrYrrTYTITITY Trrr Trr LS TTVEFT Y Trr L LIR B J LAARS LR o
£ NATIONAL ADVISORY ' ]
E COMMITTEE FOR AERONAUTICS ]
3 3
]
o ercqntagd watdr of :
45,000 3
: 50 ]
40,000 | \ \ ]
: ]
: 5 ]
NN :
35,000 | 3
: VAR ’
; ]
g A \
N N AN AN
; A
M
& 25,000
3 \ \
8 \ \
) \ \
20,000

15,000

10,000

\
VA

2 . & 60 80 100 120 1k
Temperature, oF
"f"" 12, - Relation between exhaust-gas saturates and altitude. Fuel-air ratio, 0.067.
t 1s assumed that the exhaust gas 1s at the smbient pressure at the indicated altitude.

e daggad s aa s teaaadaaaa lasasla et s ool aal il llrl

\LARERERE N RARSRRA SRS AAA R AR NSRS AR RARE S AR R ERR SN RRESE RN

b




\\I\\\“\\T\\T\\ﬂ“\\ﬂ ﬂ\\\\\\\\ﬂ\ml\\\l\\\\

31176 0



